ABSTRACT: The genesis and evolution of lacustrine pre-salt carbonate reservoirs, which contain giant hydrocarbon accumulations along the South Atlantic margins, has attracted major research interest. The huge extension and volume, and unusual textural and compositional features, are key elements for understanding the tectonic, structural, stratigraphic, and sedimentological generation and early evolution of the region, as well as potentially of other lacustrine carbonate systems. A systematic petrographic and petrophysical study has been performed on the Lower Cretaceous lacustrine carbonate reservoirs from northern Campos Basin, Offshore Brazil, in order to unravel the main controls on the origin and evolution of pore systems. The main lithologic types recognized in the rift section are bivalve-gastropod grainstones and rudstones, arenites constituted by ooids of syngenetic magnesian clay minerals (mostly stevensite), and dolostones, while stevensitic claystones with calcite spherulites, fascicular calcite crusts, intraclastic rudstones and grainstones, and dolostones are the main lithologic types in the sag section. The eogenetic evolution of bioclastic reservoirs was controlled by the balance between dissolution and neomorphism of the aragonitic bivalve and gastropod bioclasts, favoring either the generation of poorly connected moldic porosity or the preservation of well-connected interparticle porosity. The stevensitic arenites were strongly affected by meteoric dissolution and replacement by dolomite and silica, related to regional uplift and erosion after the rift phase, which generated highly heterogeneous pore systems with moldic, intercrystalline, vugular, and microcrystalline pores. Stevensitic claystones that are replaced by calcite spherulites and dolomite normally show low porosity, but locally constitute reservoirs, where secondary porosity was generated by stevensite dissolution. The precipitation of crystal shrubs of fascicular-optic calcite in coalescent crusts generated growth-framework primary porosity, which was reduced mostly by dolomite cementation, or enlarged by dissolution, enhancing their permeability. Non-coalescent calcite crusts contain abundant syngenetic magnesian clay minerals. Their porosity is related to dissolution of these clays, which generated poor permeability. Intraclastic grainstones and rudstones are compacted and cemented, or rich in clay matrix (''hybrid packstones''). Where they display preserved interparticle primary porosity or matrix dissolution, they may have good porosity and permeability. The heterogeneous dolomitization of both the rift and the sag deposits either destroyed their primary or early diagenetic porosity, or generated high porosity and permeability values in the dolostones. Relationships between replacement and compaction indicate that most of the diagenetic processes occurred during eodiagenesis, controlled mostly by the instability of the aragonite in the bioclastic reservoirs and of the stevensite in the claystones, ooidal arenites, and fascicular calcite crusts. This study characterizes the major primary and diagenetic aspects of the pre-salt reservoirs, providing insights on the evolution of their porosity and permeability. This is expected to contribute to the prediction of quality during exploration and to enhance hydrocarbon recovery from producing oilfields, as well as to increase the understanding of the origin, evolution, and quality distribution in analogous lacustrine reservoirs.
INTRODUCTION
In the last decade, giant hydrocarbon accumulations were discovered in lacustrine carbonate reservoirs below Aptian evaporites along the South Atlantic conjugate margins (Carminatti et al. 2009; Sallet et al. 2016) . These reservoirs, together with important discoveries in China, have attracted significant interest in the exploration and scientific research of continental carbonates. The genesis and evolution of pre-salt reservoirs represent a geologic enigma that has puzzled many major researchers, by their huge extension and volume, their unusual textural and compositional features, and by what they will reveal about the South Atlantic tectonic, structural, stratigraphic, and sedimentological generation and early evolution.
On the other hand, knowledge of continental carbonates is relatively restricted when compared to that of marine carbonates, which are much more voluminous and host giant reserves of hydrocarbons around the world. In this sense, the recent discoveries of huge hydrocarbon accumulations in lacustrine carbonates from Brazil, Africa, and China have attracted intense scientific interest for a better understanding of the formation and evolutionary processes of these reservoirs.
Modern and ancient lacustrine carbonates are characterized by a great variability of facies and mineral species, having been studied for decades. Lacustrine carbonates strongly contrast with marine carbonates. While the main control on the environmental genetic conditions of marine carbonates is geological age (Moore 2001) , lacustrine carbonates have their genesis controlled by local geological settings, such as tectonics, climate, fauna, and specific geochemical conditions that can form very particular deposits (Davis and Wilkinson 1983; De Wett et al. 2002; Dunagan and Turner 2004; Gierlowski-Kordesch 2009; Fedorchuk 2014) . The deposition of lacustrine carbonates is controlled by several factors, including hydrological (input and output of surface waters, precipitation, and groundwater flow), sedimentary input, and temperature variations (Platt and Wright 1991; Tucker and Wright 1991) . Water geochemistry plays a major role in lacustrine environments, because it controls a number of processes, including development of microbial communities (Riding and Liang 2005; Vasconcelos et al. 2006; Spadafora et al. 2010) , abiotic precipitation of carbonates (Riding 2008; Wright and Barnett 2015) and clay minerals (Calvo et al. 1999; Pozo and Casas 1999; Furquim et al. 2008) , and the development of algae, ostracodes, and mollusks (bivalves or gastropods) (Casanova 1986; Renaut et al. 1986; Vincens et al. 1986; Harris et al. 1994; Frogley et al. 2002) .
The pore systems of carbonate reservoirs, both continental and marine, show great diversity of pore types, and wide heterogeneity (Choquette and Pray 1970; Mazzullo and Harris 1991; Lucia 1995; Moore 2001; Mazzullo 2004; Lønøy 2006; Ahr 2008) . Porosity is controlled by many factors, including the interplay of physical, chemical, and biological depositional processes, which are overprinted by intense diagenesis due to the chemical reactivity of carbonates, as well as by fracturing and hydrothermal processes (Ehrenberg et al. 2006; Ehrenberg et al. 2012; Chafetz 2013; Brigaud et al. 2014) . In most cases, the porosity evolution patterns are controlled by a combination of mineral composition, fabric, and diagenetic conditions. The carbonate permeability frequently correlates poorly with porosity, due to heterogeneous porous framework, where the original fabric can be intensely modified by diagenetic processes (Dürrast and Siegesmund 1999; Weger et al. 2009; van der Land et al. 2013; Rezende and Pope 2015) . The study of porosity geometry is important in characterization of carbonate reservoirs, supporting petrophysical interpretation and improving predictability of reservoir quality and heterogeneity (Basan et al. 1997; Mountjoy and Marquez 1997; Eichenseer et al. 1999; Machel 2005) .
The aim of this work is to discuss the impact of diagenesis on the evolution of porosity and permeability of pre-salt lacustrine carbonates from northern Campos Basin, through the combination of petrographic and petrophysical analyses. This work contributes to the prediction of quality during exploration and aims to enhance recovery from producing oilfields, as well as to increase the understanding of the origin, evolution, and quality distribution in analogous lacustrine reservoirs worldwide.
GEOLOGICAL SETTING
The Campos Basin is a passive-margin basin situated on the northern coast of the Rio de Janeiro State, Brazil (Fig. 1A) , extending to the southern coast of the Espírito Santo State, being geographically located between parallels 218 and 238 S. The basin is located between the Santos Basin to the south, bounded by the Cabo Frio volcanic high, and the Espírito Santo Basin to the north, bounded by the Vitória High.
The Campos Basin was formed under an extensional tectonic regime during the breakup of the Gondwana Continent during Late Jurassic-Early Cretaceous, preceding the final separation of South America and Africa, and the formation of the South Atlantic Ocean (Rabinowitz and LaBrecque 1979; Austin and Uchupi 1982; Nürnberg and Müller 1991; Cainelli and Mohriak 1999; Guardado et al. 2000) . The formation of the Atlantic Ocean started with crustal thinning and breakup of São Francisco-Congo-Rio de La Plata-Kalahari cratons, accreted during the Eoproterozoic orogeny. South Atlantic formation began during the Jurassic with rifting between Argentina and southern Africa, and through the Equatorial Margin (Szatmari 2000; Meisling et al. 2001; Mohriak et al. 2008) . The rupture of the central portion, controlled by a resistant cratonic core (São Francisco-Congo Craton), occurred later, in the Hauterivian (Clemson et al. 1997; Karner and Driscoll 1999) , resulting in the development of a narrow rift zone in this region. The Santos, Espírito Santo, and Campos basins, located on a Proterozoic fold belt, developed wider basins (Mohriak et al. 2008; Rosendahl et al. 2005) .
The Barremian to Aptian rift stage was characterized by increased lithospheric extension and asthenospheric uplift (McKenzie 1978; White and McKenzie 1988) , associated with extensive intracratonic tholeiitic volcanism (Turner et al. 1994; Mohriak et al. 2008; Torsvik et al. 2009 ). Elongated deep lakes formed parallel to basement lineaments, and were filled with both volcanic and sedimentary rocks (Dias et al. 1988; Mizusaki et al. 1988) . The presence of transfer zones played an important role in the partitioning of the rifted margin in subbasins (Meisling et al. 2001; Muniz 2014) . The Aptian sag stage is preceded by uplift and erosion of the rift section, resulting in a regional unconformity (Karner and Driscoll 1999; Dias 2005; Winter et al. 2007 ). The initial sag sedimentation included carbonate, Mg-clays, and clastics, which are overlain by evaporites formed in an arid climate under influx of incursions of marine seawater (Abrahão and Warme 1990; Karner and Gambôa 2007) . The last stage (drift phase) is characterized by the development of oceanic crust and a passive margin (Chang et al. 1988; Chang et al. 1992; Aslanian et al. 2009 ).
The Lagoa Feia Group, originally defined by Schaller (1973) as the Lagoa Feia Formation, unconformably overlies pre-rift flood basalts from the Cabiúnas Formation, comprising the nonmarine to transitional sequences from the Campos Basin. Subsequently, the Lagoa Feia Formation has been subdivided into four distinct depositional sequences bounded by unconformities, including: the Basal Clastic Sequence, the Talc-Stevensitic Sequence, the Coquinas Sequence, and the ClasticEvaporitic Sequence (Dias et al. 1988 ). The last two sequences are separated by the pre-Alagoas unconformity. More recently, Winter et al. (2007) subdivided the Lagoa Feia Formation into several formations, elevating it to group status (Fig. 1B) .
The rift phase Coqueiros Formation is composed mainly of bioclastic rudstones and grainstones, informally known as ''coquinas,'' interfingered with proximal clastic sediments of the Itabapoana Formation towards the western margin of the basin. The Coqueiros Formation consists mainly of bioclasts of bivalve mollusks, with subordinate amounts of gastropods and ostracods. Some authors have proposed depositional and sedimentological models of bioclastic deposits. Castro et al. (1981) separated the bioclastic deposits into two types: ''detrital coquinas'' consisting of bioclasts and noncarbonate grains (talc-stevensite ooids and peloids and mud intraclasts); and ''pure coquinas,'' composed entirely of bioclasts. Bertani and Carozzi (1985a) recognized several microfacies, separating sequences dominated by bivalves and by ostracods, and according to variations on composition, grain size, matrix, and cement content. These authors related the distribution of microfacies to two distinct depositional models: playalake settings dominated by ostracods, and pluvial-lake settings dominated by bivalve mollusks. Carvalho et al. (2000) recognized seven main depositional environments based on facies associations, including bioclastic beaches, bioclastic sandy beaches and marginal lacustrine settings, bioclastic sheet and bar fringes, consisting of shell debris deposited by storm events, bioaccumulation banks, and deep lacustrine settings. Recently, Goldberg et al. (2017) interpreted, based on the integration of quantitative petrography, sedimentology, and seismic stratigraphy, that the bioclastic rudstones correspond mostly to gravitational deposits, resedimented from structural highs to deeper lacustrine settings, throughout the rift section of the basin.
Sag phase deposits from the Macabu Formation were referred to by Dias et al. (1988) as carbonate facies consisting of nodular diagenetic limestones and laminated limestones, ''probably algal in origin (stromatolites).'' Later, Dias (2005) interpreted laminites and microbial stromatolites as supratidal and upper-intertidal facies, overlain by lower-intertidal clay-rich facies and subtidal mudstones deposited in an epicontinental context with extensive pre-evaporitic clastics located in shallow proximal regions. Muniz and Bosence (2015) interpreted the absence of both marine biota and normal freshwater biota, such as charophytes, and the presence of nonmarine ostracods, as evidence of a brackish-water-lacustrine environment, refuting the presence of tidal influence on microbial development. However, recent interpretation suggests that most deposits from the Macabu Formation are chemical precipitates, controlled by the geochemistry of alkaline lacustrine waters (Wright 2011 (Wright , 2012 (Wright , 2013 Tosca and Wright 2014) . Wright and Barnett (2015) identified a typical cyclothem as composed of three main components: mud-grade laminated carbonates, accumulated in flooding phase, calcite spherulites in a matrix of Mgsilicates, and calcitic shrub-like growths trigged by evaporation, controlled by pH and ionic activity.
METHODS
This study is based on 780 samples from cores and sidewall plugs collected from five wells (Fig. 2) . The applied methods include optical petrography (plane-polarized light (PL); crossed-polarized light (XPL)), ultraviolet fluorescence (UVF), cathodoluminescence (CL), scanning electron microscopy (SEM), X-ray diffraction (XRD), and petrophysical analysis. In order to characterize the primary and diagenetic constituents, the pore types, and their relationships, optical petrography was performed on thin sections impregnated with blue epoxy resin. 139 thin sections were quantified and described in detail, and 641 thin sections were classified according main constituents, textures, and pore types. Pore types were classified according to Choquette and Pray (1970) . Thin sections were stained for carbonate identification with an acid solution of alizarin red and potassium ferrocyanide (Dickson 1965) . A Zeiss Colibri fluorescence light-emitting-diode (LED) UV microscope was used to evaluate presence of organic matter and relations of replacement between fluorescent minerals. In order to identify diagenetic carbonate phases, cathodoluminescence (CL) microscopy was performed in a Cambridge Image Technology Ltd. (CITL) luminoscope. CL analyses were performed in CL8200 MK5-2 equipment coupled to Leica microscope, under operating conditions of 300 mA and 17 kV. Scanning electron microscopy (SEM) analyses using backscattered and secondary electrons were executed in ZEISS EVO LS15 or JEOL JSM 6490LV electron microscopes, both equipped with OXFORD Inca/Aztec energy-dispersed spectrometers (EDS), in order to investigate paragenetic relationships between primary and diagenetic constituents, and to identify the elemental mineral composition in representative rock fragments and thin sections. X-ray diffraction (XRD) analyses of the clay fraction, including air-dried, glycolsaturated, and heated treatments, were used to confirm the clay-mineral species. Petrophysical analyses were performed on plugs cut from cores and on sidewall cores in order to determine porosity and permeability according to norm API RP 40:1998. Mercury injection capillary pressure (MICP) analyses were performed on a Micrometrics AutoPore IV 9500 equipment to determine the pore-throat size distribution of representative samples.
RESULTS

Petrography
The studied reservoirs in the rift section are composed of massive bioclastic rudstones and grainstones (''coquinas''), about 80 meters thick, and by stevensitic arenites that occur at the top of the section, described only in Well 4 (Fig. 2) . Overlying these reservoirs, there are crusts of calcite shrubs and stevensitic claystones that occur in millimetric to decimetric intercalations. Additionally, intraclastic grainstones and rudstones of reworked spherulites and fragments of the crusts are found intercalated with the calcite crusts and stevensitic claystones. Hybrid siltstones, siliciclastic siltstones and claystones, and microbial laminites are concentrated at the top of the sag section and at the bottom of Well 2, and are not considered reservoirs.
Bivalve-Gastropod Rudstones and Grainstones (''Coquinas'').-The bioclastic grainstones (9% of the samples) and rudstones (91% of the samples) are mostly massive, poorly to well sorted, with a chaotic or subparallel fabric. The primary constituents are bioclasts of bivalves, gastropods, and ostracods. Bivalves are the main component, composing 100% of primary constituents in 64% of the samples (Fig. 3A) . Bivalves always occur disarticulated, and their degree of reworking is widely variable. Bivalve bioclasts are frequently broken or dissolved, and have dimensions ranging from 0.07 to 25 mm (average ¼ 2.3 mm) in the thin sections.
Gastropods are observed in 36% of the samples and are typically whole and not abraded (Fig. 3B) , with preserved intraparticle porosity. The ostracod bioclasts are whole, sometimes articulated, and occasionally recrystallized. Ostracods occur in 8% of the samples and are the main primary component of grainstones (Fig. 3C ) in two samples. Intraclasts of carbonate mud, volcanic, and siliciclastic grains occur in small amounts in the bioclastic rudstones and grainstones.
Calcite is the main cement of bioclastic rudstones and grainstones. The bioclasts are covered by continuous rims of microcrystalline to prismatic calcite (Fig. 3D) . Drusy calcite frequently is the main interparticle cement. Dissolution of bioclasts generates intraparticle and moldic pores, which are filled by drusy (Fig. 3E ) and blocky calcite. Subordinate cements that have filled interparticle pores include blocky, coarse mosaic, and microcrystalline calcite. Recrystallization of the bivalve and gastropod bioclasts to blocky calcite is common, masking the original fabric of the bioclastic rudstones and grainstones. Bivalves are dull CL, whilst intraparticle and interparticle cements are red in CL (Fig. 3F) .
Bivalves and gastropods were either dissolved or neomorphosed (calcitized), commonly showing a heterogeneous range from total dissolution, with variable intensity of calcite cementation of the intraparticle and moldic porosity, to total neomorphism. The distinction between neomorphism and moldic pores cementation is, in many cases, difficult without CL. Calcitization of aragonitic bivalve and gastropod bioclasts often forms a mosaic of calcite crystals marked by fine lines of inclusions delineating the original structure of the shell (Fig. 3D) . In contrast, the intraparticle and moldic pores were filled by drusiform ( Fig.  3E ) and blocky calcite. Dolomite occurs in 15% of the samples as a minor constituent (, 5%) in the bioclastic rudstones and grainstones of Wells 3 and 5 and more rarely in Well 2. Blocky and saddle dolomite fill locally interparticle, intraparticle, moldic, and vugular pores. Dolostones up to 10 meters thick occur in Well 5 as a product of replacement of the bioclastic rocks. These rocks are composed of small rhombohedral and, rarely, of saddle dolomite crystals. Sucrosic dolostones preserve partially the shape of the bioclasts (Fig. 4A) .
Silica occurs in 44% of the samples, rarely making up more than 2% of the rock volume. Chalcedony and quartz (as blocky, prismatic, coarse mosaic, and microcrystalline), often occur in small amounts, mainly replacing calcite and rarely filling interparticle, intraparticle, moldic, and vugular porosity in bioclastic rudstones and grainstones. Microcrystalline quartz rims locally cover bioclasts. Drusy quartz locally fills moldic and vugular porosity. Displacive pore-filling interparticle quartz cement was observed in 4% of the samples (Fig. 4B) .
Bioclastic grainstones and rudstones have a poor diversity of diagenetic minerals. Barite (BaSO 4 ) and celestine (SrSO 4 ) are rare, filling interparticle porosity or replacing calcite cements and bivalves. The aluminum-phosphate-sulfate (APS) minerals svanbergite (SrAl 3 (PO 4 / SO 4 )(OH) 6 ) and goyazite (SrHAl 3 (PO 4 ) 2 (OH) 6 ) locally replace mud intraclasts (Fig. 4C ) in bioclastic rudstones.
The main pore types in bioclastic rudstones are interparticle, intraparticle, moldic, and vugular (Figs. 3A, D, E, 4D, E). Bioclastic grainstones have predominantly intercrystalline and moldic porosity (Figs. 3C, 4F) . Dolomitized rudstones and grainstones are both rich in intercrystalline porosity (Fig. 4A) . Well 2 shows a cyclical variation of predominant pore types along the studied interval, from moldic to interparticle and to moldic again. The samples of Well 3 display predominance of moldic porosity, and those of Well 5, of interparticle porosity. Well 1 was not sampled in the bioclastic succession, and Well 4 was poorly sampled.
Stevensitic Arenites.-Massive, well to moderately sorted arenites composed of stevensitic ooids and stevensite-coated carbonate particles occur at the top of the rift section, only in Well 4, forming an interval about 50 meters thick (Fig. 2) . The occurrence of these ooids is very common in the rift section of the Campos Basin. Previous studies pointed to a composition of stevensite, kerolite, and talc for such ooids Carozzi 1985a, 1985b; Rehim et al. 1986; Abrahão and Warme 1990; Armelenti et al. 2016) . These clay ooids are commonly dissolved and replaced by dolomite and quartz, and often are deformed. The diagenetic patterns of the stevensitic arenites are very heterogeneous. Frequently the ooids are cemented by dolomite or quartz, and almost completely silicified,
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J S R FIG. 3.-Photomicrographs of primary bioclastic composition of rudstones and grainstones and diagenetic features: A) poorly sorted bivalve rudstone with intraparticle porosity (plane-polarized light, PL). B) Neomorphosed gastropod cemented by interparticle and intraparticle pore-lining particle and discrete intraparticle later calcite (PL). C) Grainstone composed mainly of ostracods (red arrow). Molds of dissolved bioclasts impregnated by blue epoxy resin (yellow arrow) (PL). D) Rudstone composed of neomorphosed bivalves with interparticle fine rim of pore-lining calcite (red arrow); black arrow indicates thin lines from original texture of bivalve shell (PL). E) Rudstone with dissolved bivalve molds surrounded by thin micrite envelope (blue arrow) cemented by drusy calcite on both moldic (black arrow) and interparticle porosity (red arrow) (PL). F) CL photomicrograph showing neomorphosed bivalves (red arrow) with dull CL; interparticle pores (blue arrow shows porosity) lined by calcite rims (white arrow) and partially cemented by fine mosaic calcite (red luminescence) (cathodoluminescence, CL).
FIG. 4.-Common aspects of diagenesis and porosity from bivalve rudstones and grainstones: A) sucrosic dolostone with some molds of dissolved bioclasts (PL). B)
Bivalve rudstone cemented by displacive silica (blue arrow). Pale green rim is microporous silica impregnated by blue epoxy resin (black arrow) (PL). C) Svanbergite crystals replacing mud intraclast (crossed-polarized light, XPL). D) Bivalve rudstone cemented by thin pore-lining calcite with preserved interparticle porosity. Bioclasts partially neomorphosed, partially dissolved, and further cemented by calcite mosaic (PL). E) Core photograph showing vugs (red arrow) and molds (blue arrow) in bivalve rudstone. F) Moldic porosity (black arrow) in bivalve grainstone. Interparticle and part of moldic porosity occluded by calcite cement (PL). dolomitized, and/or dissolved (Fig. 5A ). Calcite is rare in the stevensitic arenites, occurring mainly as coarse mosaic fracture-filling cement.
Authigenic silica lines ooids as fibrous and microcrystalline rims, followed by pore-filling fine-to coarse-crystalline, drusy mosaic (Fig. 5B ). Partial to total replacement of ooids by microcrystalline silica is frequent (Fig. 5C, D) . Microcrystalline silica, as botryoidal or drusy aggregates, fills vugular, interparticle, and fracture pores. Botryoidal chalcedony has small brown inclusions and green to blue UV fluorescence. Microcrystalline silica has abundant microporosity and fracturing.
Blocky or mosaic dolomite replaces ooids (Figs. 5B), and drusy dolomite fills interparticle porosity, and occurs as pore-lining rims (Fig.  5A, D) . In some cases, dolomite occurs only selectively replacing the ooids, while in other cases it occurs only filling the interparticle pores. Pervasive dolomitization, mimetic or totally fabric obliterative, is common. Rarely, saddle dolomite replaces diagenetic silica. CL images indicate zoned red luminescence patterns on dolomite crystals. Dolomite fluoresces dark to light blue, and light green under UV. Millimetric to centimetric levels of pervasively dolomitized or silicified arenites occur intercalated, through stylolitic contacts, heterogeneously organized. Traces of fluorite, svanbergite-goyazite, and pyrite occur replacing silica.
Moldic and intraparticle porosity due to dissolution of ooids (Figs. 5A) and intercrystalline porosity due to dolomitization are the most common pore types in stevensitic arenites. Interparticle porosity is reduced by cementation and compaction, but remnants of primary porosity were observed in a few samples (Fig. 5C ). Silicified arenites have significant microporosity (Fig. 5C ) and localized vugs.
Stevensitic Claystones with Calcite Spherulites.-The deposits of magnesian clays of the sag section were often replaced by calcite spherulites (Fig. 6A) , dolomite, and silica. Due to chemical instability of the Mg-clays, their original fabric is difficult to identify. These clay deposits are more abundant in Well 4, where they are preserved in an interval about one hundred meters thick. In the other wells, Mg-clay deposits were extensively replaced. Mg-clays are pale to dark brown in uncrossed polarizers, occurring as laminated or massive aggregates (Fig.  6B ), as peloids with very variable size (Fig. 6C ), as ooids with up to 2 mm of diameter, as thin coatings covering intraclasts (Fig. 6D ), as FIG. 5 .-Optical photomicrographs showing highly heterogeneous imprint of diagenesis on stevensitic arenites: A) partially dissolved stevensitic ooids (black arrow), replaced by silica (blue arrow) and covered by dolomite rim (red arrow) (PL). B) Partially dissolved ooids (red arrow), replaced by dolomite (blue arrow) and cemented by chalcedony rim and quartz mosaic (white arrow) (XPL). C) Microporous chert (yellow arrow) replacing stevensitic arenite with remnants of primary porosity (red arrow). Microporosity is impregnated by blue epoxy resin, resulting in a pale blue color. Black arrow indicates oil inclusions in microporosity (PL). D) Contact between mostly silicified stevensite arenite (black arrow) and dolomitized arenite (blue arrow). Red arrow shows prismatic quartz filling interparticle porosity (XPL).
FIG. 6.-Important characteristics of stevensitic claystones: A) shrunken and partially dissolved (yellow arrow) stevensite laminations (red arrow) replaced by recrystallized calcite spherulites (black arrow) (PL). B) Slightly shrunken stevensite (Mg-clay) laminated aggregates, partially replaced by dolomite (Dol) and calcite (Cal) (backscattered electrons image, BSE). C) Stevensite ooid-peloid. Ooid on the left has a partially dissolved nucleus and an outer massive texture, whereas peloid on the right has a dominantly massive texture (BSE). D) Stevensite as ooids (black arrow) and as coatings (yellow arrow) on intraclasts (ultra-violet fluorescence, UVF). E) Laminated stevensite aggregates (white arrow) partially replaced by dolomite (red arrow) (UVF). F) Articulated ostracod bioclast shells (red arrow) filled and replaced by quartz in deformed stevensite laminations replaced by mimetic dolomite (white arrow) (PL).
pseudomatrix, and as matrix in hybrid siltstones and in intraclastic packstones. Laminated and massive aggregates often show shrinkage cracks. Clay peloids and ooids are often deformed. Even when partially dissolved or replaced by carbonates or silica, clay particles and laminated aggregates are blue, yellow, and light brown to orange UV fluorescent (Fig.  6D, E) . SEM analyses show poor crystallinity, even at high magnification. Semiquantitative EDS analyses indicate considerable amounts of SiO 2 (about 65%) and MgO (about 30%), and low contents of Al 2 O 3 (about 2%). FeO, K 2 O, CaO, and NaO 2 occur in amounts below 1%. The elemental composition of the clays and their XRD analysis indicate that the dominant mineral is stevensite.
Silt-to sand-size siliciclastic grains are sparsely mixed with the stevensite deposits, usually in less than 1%. Hybrid sandstones and siltstones with quartz, biotite, muscovite, orthoclase, and plagioclase grains are rare. Hybrid siltstones are particularly abundant at the base of the sag section in Well 2, within an interval about 100 meters thick and at the top of the sag section in all wells (Fig. 2) . Phosphatic bioclasts, such as fish scales, teeth, vertebrae, and other bones, occur scattered or concentrated, being common in Well 1, locally together with other phosphatic grains. Ostracods are frequently concentrated in the laminations (Fig. 6F) , and occur articulated, with limited reworking. Their partial to total replacement by quartz or dolomite is common (in 34% of samples).
Calcite spherulites are the most common diagenetic constituent in the stevensite deposits, occurring as an important component in all studied wells (Figs. 6A, 7A, B) . Spherulites 0.15 to 2.5 mm in diameter (average ¼ 0.8 mm) frequently replaced the stevensitic claystones and hybrid siltstones, displacing and deforming the unconsolidated sediments (Figs. 6A, 7B). Few spherulites have recognizable nuclei made of clay peloids, ostracods, intraclasts, and lumps of microcrystalline calcite. Spherulites are abundant, coalescing as irregular levels (Fig. 7B) , sutured by microstylolites. Although the spherulites were recrystallized, resulting in changes in crystal shape and size, many have good preservation of the original fibrous structure (Fig. 7A, C) . Partial replacement of the spherulites by chalcedony and quartz is frequent (31% of the samples).
Spherical to subspherical low-magnesium calcite pisoliths (1 mm to 5 cm) are abundant in Well 1 (Fig. 2) , showing fascicular-optic and/or radialfibrous texture, similar to crusts, but with concentric growth (Fig. 7D) . Some pisoliths are formed by thin concentric laminae (~0.5 mm), while others are formed by divergent coalescence of fascicular-optic calcite aggregates, reaching up to 2 mm in diameter. The pisoliths are deformed and recrystallized. Pisolithic aggregates are not fluorescent and seem to replace stevensite like spherulites inside unconsolidated sediments. Dolomite replaces stevensite in nearly all the samples (Figs. 6B, E, F, 7A, B). Stevensite laminae are replaced and deformed by blocky dolomite (Figs. 6B, 7A ). Saddle dolomite replaces the primary and diagenetic constituents in 12% of the samples. Dolomite frequently totally replaces the stevensite and calcite spherulites. In the hybrid siltstones, authigenic illite-smectite clays are identified in XRD. Intercalations of millimetric to centimetric levels of cherts and dolostones, along stylolitic contacts, are formed by replacement of laminated clay deposits. Dolomite fluoresces blue, green, yellow, or brown under UVF (Fig. 6E) , while silica is brown to green under UVF when replacing stevensite.
Cubic, blocky, and microcrystalline pyrite, although scarce (, 1%), occurs in most of the described thin sections, mainly replacing the stevensite and other primary or diagenetic constituents. Pseudocubic, microcrystalline svanbergite-goyazite (SrAl 3 (PO 4 /SO 4 )(OH) 6 / SrHAl 3 (PO 4 ) 2 (OH) 6 ) are recognized in SEM analyses, associated with silicification and dolomitization.
Partial to total dissolution of stevensite is very common (Fig. 7E, F) . Microporosity is observed both by NMR (nuclear magnetic resonance) and SEM analyses in preserved stevensite deposits. Fascicular Calcite Crusts.-Non-magnesian calcite crusts of radialfibrous and more commonly fascicular-optic crystal aggregates (sensu Kendall 1977; i.e., plumose or increasingly divergent) constitute the main reservoirs of the sag section. These calcite aggregates grew predominantly in a vertical to near vertical orientation (Fig. 8A, B) , with an average individual length of 1.55 mm (up to 12 mm), encrusting various deposits. The fascicular aggregates commonly display a shrub shape that coalesces both vertically and horizontally, forming calcite crusts of variable thickness, up to 80 cm thick. In some cases, fibrous calcite aggregates form millimetric continuous and isopachous palisade crusts (Fig. 8C) , intercalated with microcrystalline calcite or dolomite, siliciclastic mud, or stevensite laminae. Recrystallization is frequent, generating apparently massive forms, although with remnants of the original fibrous crystal fabric recognizable in polarized light and in SEM images (Fig. 8D) . The engulfment and replacement of siliciclastic grains, stevensite peloids, and ostracod bioclasts by fascicular-optic calcite aggregates is common. In some cases, thin laminations occur within the aggregates. CL images show a homogeneous red luminescence pattern (Fig. 9A) , and UVF is very weak or absent. Microbial remnants were not identified in SEM analyses.
Dolomite is the most common diagenetic constituent filling interstitial growth-framework pores in calcite crusts (78% of the samples; Fig. 9B , C), with blocky, microcrystalline and more rarely mosaic habits. Saddle dolomite occurs filling growth-framework and vugular porosity, as well as replacing the primary and diagenetic constituents. Partial to total dolomitization of the original deposits is common, in some cases mimetic (Fig. 9D) , and in other cases destroying the original fabrics. Dolomite shows red-zonation CL patterns. Calcite fills the growth-framework porosity in 31% of the samples. Rarely, calcite rims of scalenohedral, prismatic, and bladed crystals cover calcite fascicular aggregates (6% of the samples). Partial or total recrystallization of fascicular aggregates to microcrystalline calcite is common. Authigenic fibrous and microcrystalline silica selectively replaces fascicular calcite crusts in 92% of the samples (Figs. 9A, B , E) and fills growth-framework porosity in 42% of the samples. Pervasive replacement by microcrystalline silica commonly promotes the formation of microporosity and/or vugular porosity. Coarse mosaic or prismatic quartz locally replaces the fascicular aggregates and fills the growth-framework porosity.
Coarse mosaic, prismatic, or radial-fibrous barite and celestine were described in 11% of the samples, filling fractures or growth-framework porosity (Fig. 9C) . Authigenic non-magnesian clay minerals are not significant in volume, but occur very frequently in the studied samples. Illite, illite-smectite, and kaolinite clays identified in SEM (Fig. 9F) and XRD, occur in the calcite crusts, mainly replacing detrital interstitial components.
Growth-framework porosity in the interstices among coalescent fascicular calcite aggregates constitutes the main type of primary porosity in calcite crusts (Fig. 8A) . These pores are enlarged by dissolution of the aggregates (Figs. 8A, 9B, C). Dolomite cement is the main reducer of growth-framework porosity (Figs. 9B). Compaction does not significantly affect growth-framework porosity. Intracrystalline porosity in calcite crust and dolomite crystals that filled growth-framework porosity is common (Figs. 9B, C, E) .
Intraclastic Grainstones, Rudstones, and Clay-Rich Packstones.-Massive intraclastic grainstones and rudstones, composed of fragments of reworked calcite crusts, stevensitic claystones intraclasts and particles, calcite spherulites, laminated microbial carbonates, and microcrystalline calcite peloids are common (Fig. 10A-D) . The average diameter of such particles is 1.56 mm (up to 25 mm). Calcite intraclasts are commonly rounded, with shapes controlled either by their internal crystal habit or by their laminated fabrics. Mg-clay matrix is a common constituent in intraclastic rocks (Fig. 10B) . Rocks with this combined composition were termed clay-rich packstones (or hybrid ''packstones'').
FIG. 7.-Aspects related to replacement and dissolution of stevensitic claystones. A) Slightly silicified spherulites (red arrow) in a clay matrix replaced by dolomite (yellow arrow) (XPL). B) Partially silicified spherulites (red arrow), displacing and replacing clay laminae (yellow arrow). Dolomite is interpreted as a result of mimetic replacement of stevensite (XPL). C) Radial-fibrous structure of a calcite spherulite, interpreted as original (secondary electrons image, SEI). D) Core photograph of calcite pisoids (red arrow) replacing stevensite further replaced by dolomite (yellow arrow). E) Matrix dissolution porosity (blue epoxy resin) among dolomite rhombs (black arrow) and calcite spherulites (blue arrow). Lamination marked by undissolved brown organic matter lines (red arrow). Note, also, partial dissolution of calcite spherulites (PL). F) Partially dissolved (red arrow) magnesian clay (black arrow), replaced by calcite (blue arrow) (stained with acid solution of alizarin red and potassium ferrocyanide) (PL). FIG. 9.-Detail of diagenetic modifications of fascicular-optic calcite crust: A) calcite (Cal) shrub with massive recrystallization and replacement by quartz (Qzo). Note the homogeneous luminescence pattern in calcite (CL). B) Calcite (Cal) crust partially replaced by microcrystalline quartz (Qzo) and with growth-framework porosity partially cemented by zoned dolomite (Dol). Dolomite exhibits intracrystalline dissolution. (BSE). C) Quartz, celestine, barite, and dolomite filling growth-framework enlarged porosity and replacing calcite crust. Note partial dissolution of dolomite rhombs (BSE). D) Dolomite mosaic replacing fascicular-optic calcite (XPL). E) Detail of the internal structure of a fascicular-optic calcite (Cal) aggregate, replaced by quartz (Qzo) and showing abundant intracrystalline porosity (BSE). F) Illite-smectite (IS) covering dolomite (Dol) filling growth-framework porosity (SEI). Dolomite fills interparticle pores in 81% of the samples of intraclastic grainstones and rudstones. Saddle dolomite is a common interparticle cement. Blocky, microcrystalline, and/or coarse mosaic calcite occurs as cement filling interparticle pores in 100% of the samples (Fig. 10A) . Calcite rims of scalenohedral, prismatic, and bladed crystals cover the intraclasts in 25% of the samples. Silica replaces carbonate intraclasts in 62% of the samples. Coarse mosaic or prismatic quartz occasionally replaces intraclastic grainstones (19% of the samples).
Mechanical compaction of the intraclastic rocks revealed by grain fracturing and deformation, and chemical compaction through pressure dissolution along interparticle contacts or stylolites is frequently intense. Porosity enhancement by particle dissolution is frequent (Fig. 10D) . Primary interparticle and secondary moldic porosity are reduced by mechanical and chemical compaction and by cementation (Fig. 10C) .
Processes Related to Faults and Fractures.-Alterations associated with faults and fractures affect various facies and occur more expressively in an interval approximately 10 m thick in well 2 (Fig. 11A) , just above the unconformity separating the rift stage from the sag stage. Fractures occur open or filled with quartz, calcite, dolomite, celestine, and/or other minerals, such as pyrite, barite, anhydrite, kaolinite, fluorite, and sphalerite. These alterations generate highly complex and heterogeneous textures, often brecciated and dominated by the precipitation of dolomite (up to 100% of volume) and quartz (Fig. 11B) . Fine idiotopic dolomite (around 50 lm) and saddle dolomite (Fig. 11C ) crystals are dominant, frequently dissolved or broken. Prismatic quartz replaces and engulfs dolomite (up to 35% of volume). Celestine occurs as small prismatic or fibrous crystals filling fractures and replacing dolomite (Fig. 11D) . Coarse calcite fracture filling was observed in one sample. Traces of svanbergite-goyazite pseudocubic crystals occur replacing dolomites (Fig. 11E) . Fault-and fracture-related alteration generated highly porous dolostones with intercrystalline porosity enlarged by dolomite dissolution (Fig. 11F ) and with porosity enhanced by open fractures.
Porosity, Permeability, and Mercury Injection Capillary Pressure (MICP)
The overall porosity ranges between 0.1 and 37% (average ¼ 7.67%), and the average permeability is 16.241 mD (maximum ¼ 1193 mD). About 40% of the samples are not considered reservoirs, including stevensitic claystones, hybrid siltstones, microbial laminites, pisolithic rudstones, clay-rich packstones, cherts, and sparites, which usually have low porosities and permeabilities (, 0.001 mD). Table 1 summarizes basic petrophysical results of the main rock types. Pore throat sizes obtained FIG. 10 .-Aspects of intraclastic rocks: A) intraclastic rudstones partially cemented by calcite (Cal) (PL). B) Clay-rich packstone composed of carbonate intraclasts in a clay matrix (PL). C) Intraclastic grainstone composed of calcite spherulites (red arrow), fragments of fascicular-optic calcite (yellow arrow), and microcrystalline calcitic intraclasts (blue arrow), cemented by calcite (black arrow) (PL). D) Intraclastic rudstone with primary interparticle porosity and secondary porosity generated by particle dissolution (impregnated with blue epoxy resin) (PL).
FIG. 11.-Aspects of alteration related to fracturing: A) core photograph of semi-consolidated brecciated dolostone with centimetric clasts (black arrow), open fractures (red arrow), and fractures filled by celestine (blue arrow). B) Partially dissolved saddle dolomite (red arrow), partially replaced and engulfed by quartz crystals (black arrow) (PL). C) Saddle dolomite (red arrow) within cataclastic fabric partially replaced by quartz (XPL). D) Celestine (black arrow) and calcite (blue arrow) filling fractures in brecciated dolostone (red arrow) (PL). E) Prismatic quartz (red arrow) and svanbergite-goyazite pseudocubic crystals (yellow arrow) replacing cataclastic dolomite (PL). F) Small fractured dolomite rhombs (black arrow) replaced by quartz (red arrow) and svanbergite (yellow arrow). Intercrystalline porosity impregnated by blue epoxy resin (PL).
through MICP analyses were classified according to the Hassall et al. (2004) classification (micro pores: pore throats less than 0.5 lm; meso pores: pore throats between 0.5 lm and 5 lm; macro pores: pore throats more than 5 lm). The average pore throat is 4.92 lm (median ¼ 3.03 lm), and the distribution of pore sizes shows slight predominance of mesoporosity (micro ¼ 33.19%; meso ¼ 39.08%; macro ¼ 27.73%).
Bioclastic Rudstones.-The permeability of bioclastic rudstones varies significantly according to the predominant type of porosity. The porosity of rudstones with predominance of interparticle porosity varies between 1.8 and 14.6% (average ¼ 8.68%) and average permeability is 7.2 mD (maximum ¼ 74.7 mD). Rudstones with predominant moldic and intraparticle porosity have higher porosities than those with predominantly interparticle porosity (average ¼ 10.32%; 5.1-25.8%), but lower permeability (average ¼ 1.1 mD; , 0.001-10.3 mD). Rudstones with predominant vugular porosity have the lowest permeability and porosity values (average ¼ 7.91%; 2.8-15.1%; average permeability ¼ 0.14 mD; , 0.001-0.76 mD). MICP analyses of bioclastic rudstones and grainstones showed average pore throats of 4.92 lm (median ¼ 3.77 lm) with multiple modes, reflecting the heterogeneity of the porous system. The distribution of pore sizes shows predominance of microporosity (micro ¼ 47.1 %; meso ¼ 28.7 %; macro ¼ 24.2%).
Bioclastic Grainstones.-The porosity of bioclastic grainstones ranges between 8.5% and 19.9% (average ¼ 14.46%) and their average permeability is 1.54 mD (0.019-5.97 mD). Mesoporosity largely predominates (micro ¼ 20.85%; meso ¼ 60.65%; macro ¼ 18.50%), with average pore throat of 3.25 lm (median ¼ 2.33lm).
Stevensitic Arenites.-Stevensitic arenites have significant variability in porous types, as previously described, which corresponds to the large variation in porosity and permeability. Their porosity varies between 5.1 and 31.2% (average ¼ 18.74 %), and the average permeability is 21.4 mD (, 0.001-267 mD). MICP showed average pore throat of 6.02 lm (median ¼ 2.87 lm). The distribution of pore sizes shows predominance of macroporosity (micro ¼ 29.05%; meso ¼ 28.50%; macro ¼ 42.55%).
Coalescent Fascicular Calcite Crusts.-Well-developed coalescent calcite crusts have porosities ranging between 0.20 and 16.10% (average ¼ 6.85%) and average permeability of 28.94 mD (, 0.001-295 mD). MICP showed average pore throat of 7.77 lm (median ¼ 4.31 lm). The distribution of pore sizes shows predominance of microporosity (micro ¼ 37.50%; meso ¼ 31.00%; macro ¼ 31.50%).
Non-Coalescent Fascicular Calcite Crusts.-Poorly developed noncoalescent crusts, with porosity dominantly developed by stevensite dissolution, have porosity between 1.30 and 13.6% (average ¼ 6.14%) and average permeability of 0.8 mD (, 0.001-16.2 mD). Microporosity predominates (micro ¼ 50.94%; meso ¼ 40.49%; macro ¼ 8.57%), with average pore throat of 1.96 lm (median ¼ 0.64 lm).
Intraclastic Grainstones, Rudstones, and Clay-Rich Packstones.-Intraclastic grainstones and rudstones have average porosities of 6.34% (0.1-19%) and average permeability of 10.45 mD (, 0.001-523 mD).
Dolostones.-Dolostones have the highest porosity and permeability among the recognized rock types, with porosity ranging between 1.3 and 32.4% (average ¼ 15.80%) and maximum permeability reaching 1193 mD (average ¼ 111.04 mD). MICP showed average pore throat of 5.59 lm (median ¼ 4.27lm). The distribution of pore sizes shows predominance of mesoporosity (micro ¼ 13.67%; meso ¼ 45.17%; macro ¼ 42.16%). 
Eogenetic Evolution of Bivalve-Gastropod Rudstones and Grainstones
Most of the diagenesis of the bioclastic rocks occurred before compaction (Fig. 12) , as evidenced by the distribution of the blocky and drusiform interparticle pore-filling cements. The bioclastic rocks followed three main evolution pathways, controlled by distinct eogenetic conditions (Fig. 13) . Pathway 1 was probably connected to active circulation of interstitial fluids undersaturated with respect to aragonite, most likely lacustrine freshwaters during more humid periods, which promoted intense dissolution of the aragonitic bivalves (cf. Morse and Mackenzie 1990; Moore and Wade 2013) , and the precipitation of calcite prismatic rims in interparticle and intraparticle pores (Fig. 3E) . Pathway 2 was promoted probably where less dilute fluids initially allowed preservation of the bioclasts (cf. James and Choquette 1984; Caron and Nelson 2009) , and precipitation of calcite prismatic rims and drusiform cement, followed by extensive dissolution of bioclasts and generation of moldic porosity (Fig.  4F) . Pathway 3 developed where limited circulation of fluids slightly supersaturated with respect to aragonite favored the precipitation of thin calcite rims, the neomorphism of the bioclasts (Fig. 3D) , and the preservation of interparticle porosity. The common alternation of intervals with predominance of neomorphism and of dissolution indicates frequent oscillation between these interpreted environmental conditions. Such diagenetic variations may be related to climatic control of the composition and level of lacustrine waters, or to tectonically driven hydraulic gradients, probably related to faulting along the rift margins, generating patterns that cannot be correlated among the studied wells. This paragenetic evolution of the bioclastic rudstones and grainstones (Fig. 12 ) differs from that of equivalent rocks from the central and southern parts of the basin, where there is a predominance of aragonite neomorphism in relation to dissolution (Bertani and Carozzi 1985b; Altenhofen 2013; Muniz 2014; Goldberg et al 2017) .
Typical vadose features, such as pendant or meniscus cements (cf. James and Choquette 1984), infiltration of clay and/or silt, and development of soils and calcretes were not observed in the bioclastic rocks, indicating that exposure was not significant in the succession. The locally observed displacive silica cementation of bioclastic rocks was therefore not related to the formation of silcretes under subaerial arid conditions (Ross and Chiarenzelli 1985; Khalaf 1988; Hesse 1989; Murray 1990) . Since the bioclastic deposits are poor in siliciclastic grains, such early silica precipitation was probably derived from dissolution of the stevensitic ooids.
Origin and Diagenesis of Stevensite
Recent studies indicate that Mg-clays are formed from Si-Mg hydrated gel precursors (Tosca and Wright 2014; Wright and Barnett 2015) , which evolve to stevensite, kerolite, talc, and other Mg-clay mineral phases in highly alkaline lacustrine and palustrine environments (Rehim et al. 1986; Pozo and Casas 1999) . Experimental studies show that this evolution depends on a number of environmental factors, including pH, salinity, temperature, and ionic content (Jones 1986; Tosca and Masterson 2014) . The alkaline conditions needed for stevensite precipitation (ph 10) were recurrent during the rift evolution, as stevensite arenites occur in different stages and areas of the Campos rift Carozzi 1985a, 1985b; Armelenti et al. 2016; Goldberg et al. 2017 ). These conditions were very different from the fresh-water environments colonized by bivalves and gastropods. The common mixture of stevensite ooids and peloids with bivalve bioclasts in the Campos Basin rift section indicates their extensive gravitational resedimentation in deeper lacustrine environments throughout the evolution of the rift (Goldberg et al. 2017) . Pozo and Casas (1999) suggested that gel coagulation would result in granular clay particles, which could explain the common peloidal habit of stevensite. The habit of stevensite could be related to the energy of its depositional environment, as observed for glauconite, berthierine, and other syngenetic clay minerals (e.g., Van Houten and Purucker 1984; Odin 1988) . As for these clays, the stevensitic ooids were probably formed in environments with some agitation by waves or currents, while the laminated stevensitic claystones were certainly deposited in low-energy environments. The peloids were probably formed in environments of an energy level between that for the formation of the ooids and that for the laminated claystones. According to Tosca and Wright (2015) , the high sensitivity to pCO 2 , pH, and the fast dissolution kinetics due to the high specific surface area favors the eogenetic dissolution of Mg-clays. The common dissolution and replacement of stevensite by silica and dolomite probably occurred mostly during eodiagenesis (Fig. 12) , controlled by variations in the chemistry of the lacustrine waters. As observed in other rift lakes (e.g., Renaut et al. 1986; De Wet et al. 2002) , dilution of lake waters during more humid periods, or input of CO 2 by magmatic and hydrothermal activity, may have promoted the dissolution of Mg-clays, liberating silica and magnesium, and favoring the precipitation of silica and dolomite. Further dissolution of stevensite ooids and peloids after cementation generated abundant moldic and intraparticle porosity (Fig.  5 ). Intense dissolution, silicification, and dolomitization are observed in stevensitic arenites just below the pre-Alagoas regional unconformity, suggesting alteration in a subaerial environment during post-rift uplift and exposure.
Genesis of Calcite Spherulites
The most abundant eogenetic constituent replacing stevensite are spherulites of calcite, which occur throughout the sag succession (Figs.  6A, 7A, B) . The formation of spherulites has been interpreted to be favored in the interior of inorganic gels, although the viscous medium is not a prerequisite for spherulite growth (Beck and Andreassen 2010; Shtukenberg et al. 2012 ). Our petrographic evidence shows that the development of spherulites occurred inside the stevensite laminations or the hybrid siltstones, displacing and replacing the original unconsolidated sediment, suggesting early diagenetic conditions. Laboratory studies have reported that the development of calcite spherulites is favored in alkaline conditions with high concentrations of silica and magnesium (García-Ruiz 2000; Meister et al. 2011) , which agrees with the interpreted alkaline lacustrine environment. Most of the spherulites show no visible nuclei, and some display stevensite peloids, siliciclastic grains, and ostracod bioclasts as nuclei. Natural and synthetic spherulites interpreted as formed by direct microbial activity (Braissant et al. 2003; Spadafora et al. 2010 ) have submicrometric dimensions, differing significantly from those found in the pre-salt rocks.
Formation and Evolution of Fascicular Calcite Crusts
Fascicular calcite crusts are interpreted as syngenetic or synsedimentary precipitates, encrusting many different deposits. The absence of clotted and cryptocrystalline textures, as well as of irregular branching structures, characteristic of the mineralization of benthic microbial communities (cf. Burne and Moore 1987; Riding 2000) , and the continuous fibrous crystal fabric of the fascicular crusts, indicate that they are not microbialites (sensu Burne and Moore 1987) , but rather a product of abiotic precipitation. A chemical, abiotic precipitation has been interpreted for texturally equivalent deposits in travertines (cf. Chafetz and Guidry 1999; Fouke 2011) , stromatolites (cf. Grotzinger and Knoll 1995; Riding 2008; Pope et al. 2000) , alkaline-saline lakes (cf. Jones and Renaut 1994; Warren 2006) , and, more recently, for the pre-salt reservoirs themselves (Wright and Barnett 2015) . Additionally, the absence of luminescence of the fascicular calcite suggests a low content of organic matter inclusions in the aggregates. The fascicular calcite aggregates precipitated not only FIG. 12.-Diagenetic sequences interpreted for the studied rock types. Thicker lines correspond to more significant processes and products, whilst dashed lines correspond to less intense processes and products. encrusting diverse sediments, particularly the background stevensitic deposits, but also partially replacing them. This is indicated by the common occurrence of clay laminations, peloids, and other particles in the interstitial spaces, and as inclusions in the aggregates. The truncation of clay laminations by fascicular calcite aggregates is common, indicating that they grew as early diagenetic replacement. The combined evidence indicates that the precipitation of syngenetic calcite crusts and of stevensite was chemically controlled by the dynamic evolution of the lacustrine environmental conditions. Stevensite precipitated under high concentrations of silica and magnesium and low pCO 2 , while calcite precipitation was favored by less concentrated fluids related to less arid periods, and/or by degassing after pCO 2 input from magmatic and/or hydrothermal activity.
The paragenetic relationships of calcite crusts with stevensite and the main evolution pathways are illustrated in Figure 14 . Where calcite precipitation predominated, the development of coalesced fascicular shrubs formed interstitial growth-framework porosity, with variable amounts of trapped clastic and stevensitic particles. The dissolution of stevensite released magnesium and silica, which resulted in replacement of calcite shrubs by silica and dolomite cement partially or totally filling the growthframework porosity. In other cases, the growth-framework pores were enlarged by dissolution of the fascicular aggregates. Where calcite precipitation was less extensive, discontinuous, non-coalesced calcite crusts were formed, intercalated laterally and vertically by stevensite. Stevensite deposits were heterogeneously replaced by calcite spherulites, and by dolomite. The dissolution of stevensite among spherulites locally generated porosity, but seldom reservoirs, as dolomite commonly cemented the secondary porosity generated by stevensite dissolution.
Diagenesis of the Intraclastic Grainstones and Rudstones
Two main patterns of eogenetic evolution, defined by the relationship between compaction and cementation, were recognized in the intraclastic grainstones and rudstones formed by fragmentation of the calcite crusts and reworking of spherulites and stevensitic particles (Fig. 15). (1) Rocks with limited eogenetic cementation were affected by mechanical and chemical compaction, followed by mesogenetic calcite cementation (Fig.  10C) . (2) Partial, heterogeneous eogenetic cementation by calcite or dolomite promoted the preservation of interparticle primary porosity, inhibiting pressure dissolution. The porosity was heterogeneously enlarged by dissolution of the intraclasts (Fig. 10D) . Some samples display abundant eogenetic precipitation of displacive silica, which filled the porosity and inhibited the mesogenetic processes. Clay-rich packstones formed by intraclasts and clay matrix (Fig. 10B ) locally show early dissolution of the matrix, enabling a diagenetic evolution similar to that observed in the grainstones and rudstones (Fig. 15) . Figure 12 shows the paragenesis of the intraclastic grainstones and rudstones.
Dolomite
Dolomite occurs very frequently in the studied pre-salt rocks, especially in the sag section, with various morphologies and timings. At least five major phases of dolomite precipitation were identified. Early dolomite grew inside unconsolidated stevensite laminae, visibly displacing the sediment (Fig. 6E) . A microbial origin for these early dolomites is unlikely, since the mechanism of dolomite precipitation by sulfate-reducing bacteria proposed by McKenzie and Vasconcelos (2009) would not be effective in lacustrine environments with low sulfate, as evidenced by the absence of pyrite framboids or of primary and/or eogenetic sulfates. The formation of early dolomite was probably directly related to the dissolution of stevensite, although it may have been favored also by the dehydration of magnesium complexes promoted by the carboxylated surfaces of the organic matter present in the stevensite (Roberts et al. 2013) . A second type of dolomite occurrence corresponds to a mimetic replacement of stevensite laminations (Fig. 7B) , which is normally not associated with porosity generation. A third type of dolomite occurs as pore filling on sag deposits, cementing calcite crusts and intraclastic rocks. Pre-compaction dolomite cementation on intraclastic grainstones and rudstones suggests an early eogenetic origin for dolomite pore filling. A fourth pattern of dolomitization corresponds to the pervasive replacement of the rock (Fig. 4A) , common in both the rift bioclastic rocks and in the deposits of the sag stage. This dolomitization pattern frequently occurs associated with silicification and fracturing, and with the generation of porosity, which may be related to circulation of hydrothermal fluids. The fifth type corresponds to the saddle dolomite (Fig. 11C) , which occurs frequently associated with fracturing. Saddle dolomite is a common mesogenetic constituent in carbonate and clastic rocks (Spötl and Pitman 1998) , and is not by itself indicative of hydrothermal alteration. However, its association with intense fracturing in some of the studied rocks suggests hydrothermal influence.
Hydrothermal and Mesogenetic Alterations
The term hydrothermal has been defined in different ways, generally to characterize changes related to hot-water circulation. Machel (2002) suggests that the term should be used only to identify minerals that are formed at temperatures higher than those of the host rocks, regardless of the origin and composition of the fluids. In this sense, the identification of hydrothermal alteration would require isotopic and fluid-inclusion analyses, or the presence of exotic mineralogy formed at high temperatures. The presence of saddle dolomite does not define hydrothermal alteration, since it can be formed at common burial temperatures and conditions, as previously discussed. However, there are occurrences in the studied succession that are characterized by intense fracturing, dissolution, silicification, dolomitization, as well as concentration of barite, fluorite, kaolinite or dickite, pyrite, and other sulfides. These alterations could be promoted by the focused circulation of deep-sourced fluids, which generated distinct hydrothermal alterations. Recently, Alvarenga et al. (2016) recognized multiple hydrothermal vents in the rift section of central Campos Basin. Although lacking sampling of the most affected intervals, areas with intense dissolution were interpreted in the well logs and formation tests as probably related to hypogenic hydrothermal karst (cf. Dublyansky 1995; Heward et al. 2000) . Such areas may be extremely important for fluid flow and hydrocarbon production.
Mesogenetic dissolution has not created a significant volume of porosity in the studied reservoirs. Vuggy porosity occurs erratically along the studied reservoirs in several facies. These vugs are interpreted to have been formed during mesodiagenesis by dissolution of primary and eogenetic constituents, since typical eogenetic cements are not observed filling these pore types. Such dissolution may have been generated by acidic pore waters derived from the rift shales (Racey et al. 2001; Beavington-Penney et al. 2008) . Although ''exotic'' minerals, such as epidotes, prehnite, amphiboles, and metallic sulfides, were not observed in channel and vugular porosity, the influence of hydrothermal fluids on mesogenetic dissolution at pore scale cannot be ruled out.
Celestine, barite, and anhydrite occasionally occur as late cements filling primary and secondary porosity and/or replacing primary and diagenetic constituents. As these minerals are commonly related to fractured intervals, their precipitation was probably connected with the circulation of deep fluids, although they could be locally influenced by the dissolution of overlying evaporites. The occurrence of aluminum phosphate-sulfate (APS) minerals is not indicative of any specific genetic environment, occurring in a wide diversity of geological settings, including sedimentary (carbonates and siliciclastics), igneous, and metamorphic rocks (Dill 2001) . Traces of svanbergite-goyazite occur replacing mud intraclasts in the bioclastic reservoirs and are associated with silicification, dolomitization, and fracturing in other facies in sag deposits. Specific geochemical analyses are necessary for a better understanding of origin and timing of these minerals.
Porosity and Permeability of Reservoir Petrofacies
Reservoir petrofacies were defined for the studied lithologies, based on the main primary structures, textures, and constituents, major diagenetic processes and products, and patterns of relationship between these parameters with porosity and permeability.
Bivalve-Gastropod Rudstones with Interparticle Porosity.-Preservation of interparticle porosity occurred mostly where neomorphism predominated over dissolution (Figs. 3D, 4D ). This petrofacies has the best permeability among the bioclastic reservoirs, even considering samples with lower porosity (Fig. 16A, Table 1 ). Partially preserved primary porosity, mildly reduced by mechanical compaction and minor cementation, is connected by large pore throats. MICP analyses indicate that the pore throats are significantly larger than in other petrofacies (Fig. 17A) . In some cases, however, continued cementation has narrowed the pore throats, decreasing permeability. Subordinate moldic pores increased the porosity, but with little effect on permeability. Nevertheless, the local development of vugular pores has enlarged the primary pores, enhancing permeability.
Bivalve-Gastropod Rudstones with Moldic Porosity.-Bioclastic rocks with predominantly moldic or intraparticle porosity, combined with some interparticle porosity, are common. These rocks have good porosity but low permeability (Table 1, Fig. 16A ). The cementation of the moldic and intraparticle pores is common, occasionally totally occluding the secondary porosity. The remaining interparticle pores contribute to the permeability, but because pore throats are controlled by microcrystalline and intercrystalline pores (Fig. 17A) , permeabilities are generally low. Locally, vugular porosity was formed by enlargement and connection of molds, increasing pore throats and generating fair permeability conditions.
Bivalve-Gastropod Rudstones with Vugular Porosity.-Vugular porosity is often scarce in the studied rocks (Fig. 4E) . Where vugs are the predominant pore type, porosities and permeabilities are generally low (Table 1, Fig. 16A ), due to the low connectivity of the pore system. The presence of remnants of interparticle porosity contributes to some permeability, though generally low. However, because core samples with high vugular porosity were poorly recovered, and not suitable for petrophysical analyses, it is possible that the amount of vugular porosity was underestimated in the reservoirs due to these sampling limitations.
Bivalve-Gastropod Grainstones with Moldic Porosity.-These grainstones have a high content of moldic porosity, and a total porosity higher than all the bioclastic petrofacies (Table 1, Fig. 16A ). These rocks generally present remaining interparticle porosity, which gives them some permeability. Vugular porosity was generated from enlargement of moldic porosity, producing widened pore throats, which increases permeability. The grainstones often present recrystallization, which has generated intercrystalline porosity, but with narrow pore throats (Fig. 17B ) and low permeability.
Stevensitic Arenites.-The high instability of Mg-clays (cf. Tosca and Wright 2014) has favored the dissolution of ooids and the precipitation of silica and dolomite (Fig. 5) , redistributing the original porosity. The pore system of stevensitic arenites is extremely heterogeneous, generally presenting high porosities and highly variable permeabilities (Table 1, Fig. 16E ). The dissolution of ooids, resulting in moldic and intraparticle porosity, was important, generating a significant increase in porosity. Microporosity in authigenic silica is observed. Remnants of primary interparticle porosity are occasionally preserved, although the original interstitial porosity of most of the samples was completely filled by dolomite and quartz. Dolomitization has generated abundant intercrystalline porosity, occasionally connecting moldic and intracrystalline pores, and supplying permeability to the stevensitic arenites.
Coalescent Calcite Crusts.-Coalescent calcite crusts are composed of well-developed shrubs of fascicular calcite aggregates, which coalesced vertically and/or horizontally (Fig. 8A) . The growth of these precipitates generated a growth-framework primary pore system with moderate porosity and good permeability, controlled by large pore throats (Table  1 , Fig. 16B ). Rezende and Pope (2015) properly related aspects of the depositional texture, including shrub size, sorting, and packing, to the porosity and permeability of analogous calcite crust reservoirs from the Santos Basin. According to those authors, the size of individual shrubs exerts a primary control on pore size, affecting both porosity and permeability. Although depositional texture probably exerted a major control on the primary petrophysical properties of the crusts, their primary fabric was strongly modified during diagenesis by cementation and/or dissolution. The dissolution of stevensite laminae or peloids filling interstices among the fascicular aggregates or in adjacent layers favored the precipitation of dolomite partially or totally cementing the interstitial porosity, which represented the main reducer of primary porosity. Commonly, coalescent crusts present porosity enhancement through partial dissolution of shrubs and cements (Fig. 8A) , which has increased their porosity and has led to an enlargement of pore throats, with a consequent increase of permeability (Fig. 17D) . Intracrystalline porosity related to dissolution of dolomite crystals (Fig. 9B, C) or shrubs is very common. Porosity is present even in rocks without petrographic porosity, due to intracrystalline porosity generated from dissolution of shrubs, as observed in SEM analyses (Fig. 9E) .
Non-Coalescent Calcite Crusts.-Poorly developed calcite crusts with non-coalescent shrubs of fascicular calcite display interstices occupied by stevensite laminae and peloids, or even by siliciclastic matrix, resulting in limited growth-framework primary porosity (Fig. 14) . Consequently, these rocks show low primary porosity and permeability. Commonly, associated stevensite laminae and peloids were partially replaced mainly by calcite spherulites and dolomite crystals. Later dissolution has generated intercrystalline porosity (Fig. 7E) . The dominance of discontinuous intercrystalline porosity plus minor growth-framework porosity has generated poor reservoirs with mostly narrow pore throats (Figs. 16B,  17E ). Most non-coalescent crusts have low porosity and permeability. Even though these reservoirs present poor quality (Table 2) , they can store oil and probably contribute to the production of the wells.
Intraclastic Grainstones and Rudstones.-Few intraclastic rocks exhibit good reservoir quality, owing to partially preserved primary porosity, representing good quality reservoirs (Table 2, Fig. 16D ). At least part of the intraclastic grainstones and rudstones composed of reworked calcite crusts and spherulites had good primary interparticle porosity, which was destroyed by compaction and cementation (Fig. 10C) . Heterogeneous cementation preserved part of the primary porosity, which was enhanced by particle dissolution, while the porosity of uncemented rocks was completely obliterated during mesodiagenesis by interparticle pressure dissolution and calcite cementation (Fig. 15) . No clear particle size control is observed on porosity and permeability, suggesting that diagenesis is the major control. Secondary intraparticle porosity in partly dissolved intraclasts is occasionally seen in rocks with some preserved interparticle porosity (Fig. 10D) . When moldic or vugular porosity occur associated with interparticle porosity, permeability is higher, generating the best reservoir conditions among the intraclastic rocks.
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Clay-Rich Packstones.-Intraclastic rocks with clay matrix are usually not reservoirs. In some cases, however, early dissolution of matrix occurred, leaving residual dolomite and/or silica. Some of such petrofacies evolved similarly to grainstones, with secondary porosity partially preserved by heterogeneous cementation (Fig. 15) . Another possibility for the occurrence of secondary porosity in clay-rich packstones is through early heterogeneous dolomitization or silicification, followed by dissolution.
Dolostones.-Dolomitization is a very important process, generating rocks with the best porosity and permeability of the studied reservoirs (Table 1, Fig. 16C ). In many cases, sucrosic dolomitization has added intercrystalline porosity, leaving relicts of primary interparticle or moldic and/or vugular secondary porosity. Dolomitized rudstones with moldic and/or vugular porosity have developed higher porosities and permeabilities after dolomitization through the connection of vugs and molds by intercrystalline porosity, which have controlled pore throat diameters (Fig.  17C) . However, the vugular porosity can be directly related to dolomitization processes. Late processes were limited to the precipitation of minor amounts of saddle dolomite, preserving most of the intercrystalline porosity generated during dolomitization. The frequent total dolomitization of sag rocks generated significant decrease of pore throat size (Fig. 17F) . Apparently, early dolomitization caused severe porosity reduction, while dolomitization associated with fracturing has generated higher porosities and permeabilities.
Implications for Exploration of Lacustrine Carbonates
The absence of features characteristic of vadose diagenesis (i.e., pendular or meniscus cements, geopetal features, etc.) and of exposure surfaces in massive bioclastic reservoirs about 100 meters thick, suggests that they were accumulated in relatively deep lacustrine environments. The extensive resedimentation of the bioclastic deposits by gravitational mass movements was probably triggered by tectonism, as also observed in the central area of the basin (Goldberg et al. 2017) . These factors allowed the accumulation of thick bioclastic deposits, which were probably remobilized from shoreface and related shallow-water environments. The limited fragmentation and abrasion of bivalve shells suggests little reworking and short residence time in moderate energy shallow environments before redeposition. The good preservation of the bioclasts contributes to the common occurrence of reservoirs with good permeability owing to large pores connected by wide pore throats. Redeposition to deep lacustrine settings allowed impressive accumulation of the bioclastic deposits and inhibited extensive dissolution of the bioclasts and interparticle cementation. Thus, bioclastic deposits redeposited in relatively deep lacustrine settings may constitute attractive exploratory targets in other areas of the Campos Basin, and in other rift basins with similar geologic context.
The crusts of fascicular-optic calcite present significant similarity with crystalline shrub facies and pore types of travertines (Chafetz and Guidry 1999; Claes et al. 2017) . Travertines, however, exhibit steep facies diversity and distribution restricted to the immediate proximity of their source springs. These features are not observed in the pre-salt calcite crusts, indicating that these carbonates were precipitated in subaqueous environments. Continuous subsidence during the sag stage with a constant supply of magnesium, calcium, and silica allowed the accumulation of more than 200 meters of precipitated carbonates and clays, which allowed the development of reservoirs with impressive thicknesses. The geometry of the fascicular calcite crusts inhibited the compaction of the reservoirs, preserving good permeability associated with large pores and wide pore throats. The dissolution of stevensite after the precipitation of spherulites and dolomite developed significant secondary porosity in originally argillaceous deposits (Tosca and Wright 2015) . The distribution of calcite, stevensite, and porosity in the sag section follows complex patterns, which were fundamentally controlled not by lacustrine base level but by the chemistry of the lake waters (Wright and Barnett 2015) . These observations have significant implications for the construction of predictive and conceptual models for the exploration of the sag pre-salt reservoirs in the Campos and Santos basins, and for planning the development and optimizing oil recovery from the producing oilfields. CONCLUSIONS 1. A study integrating systematic petrographic characterization and petrophysical analysis reveals that the pre-salt lacustrine reservoirs of northern Campos Basin have complex pore systems, which result in highly heterogeneous permeability patterns. The primary composition and porosity have a strong influence on the evolution quality of the reservoirs. 2. The compositional and porosity evolution of the bioclastic rudstone and grainstone rift reservoirs is controlled by the balance between dissolution and neomorphism of the aragonitic bivalves and gastropods. When the circulation and geochemistry of eogenetic interstitial fluids favored the dissolution of aragonite and precipitation of low magnesium calcite, moldic porosity was generated and primary interparticle porosity was reduced, resulting in low permeability. The predominance of neomorphism over dissolution resulted in higher permeability due to the preservation of primary interparticle porosity. 3. The redeposition of the bioclasts into relatively deep lacustrine settings is a crucial factor for the accumulation of thick deposits with partially preserved interparticle porosity, which constitute good quality reservoirs. 4. Sag stage stevensitic deposits were replaced mainly by calcite spherulites and dolomite. These rocks locally constitute reservoirs, where secondary porosity was generated by stevensite dissolution. Dissolution of stevensite provided magnesium and silica, favoring the dolomitization and silicification commonly observed in the studied succession. FIG. 16 .-Correlation between porosity and permeability, showing the interpreted effect of diagenesis on pore type and permeability in studied reservoir petrofacies: A) pore type of bioclastic bivalve-gastropod rudstones and grainstones ranges between totally moldic to interparticle. The interpretive axis ''Interparticle Porosity'' represents 100% of interparticle pores, which may be preserved or reduced by compaction and cementation. The other extreme axis would represent 100% moldic porosity, which increases by dissolution of bioclasts or decreases by cementation of molds. In addition, intercrystalline porosity often generated by dolomitization increases both total porosity and permeability. Samples show the association of more than one type of pore, ranging between the interpreted axes. B) Coalescent calcite crusts have primary growthframework porosity that can be reduced by cementation, or preserved and increased by pore enlargement. Alternatively, the interstices may have been early filled by stevensite, which may have been preserved or dissolved. Porosity of non-coalescent crusts is related to the dissolution of stevensite, generating intercrystalline porosity among dolomite crystals and spherulites. Abundant intracrystalline dissolution is observed within calcite crusts and dolomite cements, which generates some porosity with minor effect on permeability. C) Dolostones have a well-defined trend of porosity and permeability controlled by the amount of intercrystalline porosity. D) Intraclastic rudstones and grainstones are intensely affected by compaction and cementation. Partial preservation of interparticle porosity promotes preservation of permeability; both porosity and permeability may be increased by particle dissolution. E) Stevensitic arenites pore types range between moldic þ microcrystalline porosity related to silicification (low permeability), and moldic þ intercrystalline porosity related to dolomitization (high permeability).
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5.
Abiotic, fascicular-optic calcite crusts with growth-framework primary porosity, or interstitial porosity generated by the dissolution of stevensite, constitute the main sag phase reservoirs. The patterns of preservation, dissolution, and replacement of stevensite exerted an important control on the quality of these reservoirs. Petrographic evidence indicates that most of the mineralogical and porosity evolution of these rocks occurred during eodiagenesis, mainly in response to the high reactivity of the stevensite.
6. Syngenetic sag precipitates were controlled by the geochemistry of lacustrine waters through changes on pH, Mg and Ca activities, temperature, and pCO 2 , promoting the alternation of periods of calcite or stevensite precipitation. The syngenetic precipitation of fascicular calcite crusts took place mostly covering stevensitic deposits, although in some cases they clearly replaced stevensite, suggesting that at least part of the fascicular calcite is diagenetic. 7. Intraclastic rocks composed of intraclasts of calcite crusts and spherulites containing minor amounts of stevensite ooids and peloids or matrix may constitute good reservoirs when the interparticle porosity is preserved and/or the clays are dissolved. 8. Stevensitic arenites were strongly affected by meteoric dissolution and replacement by dolomite and silica, related to regional uplift and erosion after the rift phase. The resulting rocks, composed almost exclusively by silica and/or dolomite, have a complex porous system, with moldic, microcrystalline, and intergranular porosity, and highly heterogeneous permeability patterns. 9. Dolomitization is an important process of porosity modification of both rift and sag deposits, showing a great diversity of origins and fabrics. Early dolomitization, related mainly to stevensite dissolution and replacement, has usually not enhanced reservoir quality. However, dolomitization related to late fracturing and silicification has locally developed reservoirs with high porosity and permeability. 
